To test whether a 30S ribosomal subunitformylmethionyl-tRNA-mRNA complex is an obligatory intermediate in protein synthesis, 70S ribosomes from Escherichia coli were crosslinked with the bifunctional imidoester, dimethylsuberimidate. Crosslinked ribosomes contained covalently joined 30S and 50S subunits, as judged by their inability to dissociate at low Mg2+ concentrations. Treatment of 70S ribosomes with high salt (1 M NH4Cl), either before or after reaction with the crosslinking reagent, produced two different crosslinked ribosomal particles, one of "60 S" and the other "70 S." Preliminary evidence indicates that both particles can bind N-acetylphenylalanyl-tRNA at low Mg2+ concentrations and are active for polyphenylalanine syntheses.
The formation of an initiation complex involving a 30S ribosomal subunit, fMet-tRNAf, and mRNA has generally been accepted as the first step in the initiation of protein synthesis in bacteria. Much of the evidence for this model has been reviewed by Guthrie and Nomura (1) , who attempted to demonstrate that such a 30S initiation complex is an obligatory step in protein synthesis. Their evidence rested on experiments involving ribosomes labeled with heavy isotopes: fMet-tRNAf was found only on hybrid (heavy-light) ribosomes produced during incubation with light ribosomal subunits, and not on intact heavy ribosomes supplied at the start. However, as has recently been shown (2) , free 70S ribosomes rapidly exchange subunits in bacterial extracts. Therefore, it is possible that hybrid ribosomes could have been formed by exchange of subunits with free ribosomes. In view of recent evidence that free (runoff) 70S ribosomes can accumulate in Escherichia coli under certain growth conditions (3, 4) , it seemed worthwhile to reinvestigate the problem of whether an initiation complex involving a 30S ribosomal subunit is an obligatory step in protein synthesis.
The major experimental obstacle to resolving this question is the fact that 70S ribosomes are always potentially capable of dissociation and reassociation, particularly at physiological Mg2+ ion concentrations. This is particularly true of ribosomes Abbreviations: AMe2Sub, dimethylsuberimidate; CLR, crosslinked ribosomes, i.e., 30S-50S complexes covalently joined by treatment with Me2Sub. Ribosomal subunits treated separately with Me2Sub, as well as the various forms of CLR, are indicated by the S value of the particle; thus, 30S CLR, 60S CLR, etc.
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washed in buffers of high-salt concentration that are free of extraneous nonribosomal components (mRNA, peptidyltRNA, etc.). For example, Nomura et al. (5) Ribosomes (70 S) were prepared from cells ground with alumina as described by Traub et al. (6) . Salt-washed ribosomes were prepared by two successive treatments of ribosomal solutions with 1 M NH4Cl, followed by centrifugation through a cushion of 1.1 M sucrose containing 1 M NH4Cl.
Only salt-washed ribosomes were used as unmodified control ribosomes in the assays described below.
30S and 50S subunits were obtained by zonal centrifugation of salt-washed 70S particles on a sucrose gradient (6) . E. coli supernatant enzymes and crude initiation factors were prepared according to Traub et al. (6) . ['4C]Phenylalanyl-tRNA (7) , N-acetyl-[14C]phenylalanyl-tRNA (8) , and formyl-[3H]-methionyl-tRNA (9) were synthesized by established procedures from unfractionated E. coli tRNA. Only fMettRNAf (and not Met-tRNAm) is bound to ribosomes in the presence of f2 RNA (10) . Bacteriophage f2 RNA was prepared by phenol extraction (11) . Dimethylsuberimidate dihydrochloride was synthesized as described (12 Fig. 1D ) and (Bl) the same ribosomes after treatment. night at 4°against 500 volumes of a buffer containing 20 mM NN-bis(2-hydroxyethyl)glycine (Bicine)-10 mM MgC12-10 mM KCI-6 mM 2-mercaptoethanol (pH8.5). Solid Me2-Sub was neutralized with an equivalent amount of 1 N KOH, and a solution of ribosomes at 00 in Bicine buffer was added immediately thereafter. The final Me2Sub concentration was 10 mM. The reaction mixture was kept at 00. At appropriate times, aliquots of the reaction mixture were removed and 0.1 volume of 1 M Tris-HCl buffer (pH 6.7) was added in order to stop the reaction. After dialysis at 40 against a buffer containing 10 mM Tris-HCl-30 mM NH4Cl-10 mM MgCl2-6 mM 2-mercaptoethanol (pH 7.5) (Buffer I), CLR were recovered by centrifugation. The ribosomal pellets were suspended in Buffer I and stored as a concentrated solution at 00. The activity of ribosome preparations remained unaltered for at least 1 month under these conditions. CLR that had not previously been subjected to a high-salt wash were washed twice with Buffer I containing 1 M NH4Cl. CLR were recovered by centrifugation for 90 min at 40,000 rpm in a no. 40 rotor in a Beckman L3-50 centrifuge. This centrifugation procedure left essentially all the free 30S subunits and most of the free 50S subunits in the supernatant fluid. CLR were further purified by zone centrifugation for 4.5-5 hr at 27,000 rpm on 10-30% sucrose gradients in Buffer I containing 1 mM Mg(OAc)2 in a SW27 rotor.
RESULTS

Crosslinking of 70S ribosomes with Me2Sub
Preliminary experiments with Me2Sub-treated ribosomes from E. coli indicated that, despite extensive reaction of ribosomal amino groups, the modified particles retained their ability to synthesize polyphenylalanine with poly(U) as a message (12) . These results suggested that it might be possible to covalently join ribosomal subunits to give crosslinked particles that would retain at least some of their functional properties. Fig.  1 illustrates that this expectation was realized. After treatment with Me2Sub for 8 hr, about 70% of the starting 70S ribosomes appear to be covalently joined. This conclusion is based on the inability of these particles to separate into subunits when the Mg2+ concentration is lowered to 1 mM. At this Mg2+ concentration, CLR sediment as 68S particles, and can readily be purified by zone centrifugation (Fig. 1D) . As can be seen ( Fig.  IA and B) , both 30S and 50S subunits remain unaffected in sedimentation behavior after Me2Sub treatment, and there is no tendency for the subunits, when crosslinked separately, to associate at 1 mM Mg2+ or below. The reaction mixture (total volume 0.1 ml) contained the following components: ribosomes ( To further substantiate the conclusion that the ribosomal subunits are covalently crosslinked to one another, both unmodified and CLR were treated with p-hydroxymercuribenzoate. Treatment with this mercurial agent causes ribosomes to dissociate into subunits (15) . Unmodified 70S ribosomes are almost completely dissociated into 30S and 50S subunits, whereas purified CLR are unaffected by such treatment (Fig. 2) . Treatment of high-salt washed ribosomes with Me2Sub led to production of two particles that were readily distinguishable on sucrose gradients (Fig. 3A) , a rapidly sedimenting component with an apparent S value of 74-77 S and a more slowly sedimenting component characterized by an S value of 59-61. These sedimentation coefficients were calculated according to Martin and Ames (16) , and were based on assumed constant sedimentation rates for the ribosomal subunits at Mg2+ ion concentrations between 0.1 and 10 mM. More precise determinations of sedimentation rates will be reported elsewhere.* The two forms of crosslinked 30-50S complexes will be referred to here as 60S and 70S CLR.
Both 60S CLR and 70S CLR particles bind AcPhe-tRNA at low Mg2+ concentrations to about the same extent, and both particles are active in polyphenylalanine synthesis. It has proven possible to prepare these two ribosomal particles by first crosslinking 70S ribosomes (low-salt washed), followed by subsequent washing with 1 M NH4Cl (Fig. 3B) . In the functional studies reported below, the CLR tested were all prepared by high-salt washes subsequent to Me2Sub treatment. Therefore, they consist of a mixture of both 60S CLR and 70S CLR (Fig. 3B) . Some CLR preparations also contained a small amount of lOOS particles ( Fig. 2A and B) , which probably represent crosslinked 70S ribosome dimers.
Functional properties of CLR programmed by poly(U) Poly(U)-directed polyphenylalanine synthesis has many features in common with protein synthesis dependent on natural mRNAs. In particular, it was first shown by LucasLenard and Lipmann (14) that the binding of AcPhe-tRNA to a ribosome-poly(U) complex at low Mg2+ concentrations was dependent upon at least two initiation factors and was stimulated by GTP. In these features -this reaction appears to mimic natural initiation, which is dependent on fMet-tRNAf. Table 1 demonstrates that after treatment with Me2Sub for 8 hr, CLR retain about 50% of the capacity of unmodified ribosomes to bind AcPhe-tRNA in the presence of poly(U) at 5 mM Mg2+. Binding to CLR was affected by crude initiation factors, although the degree of stimulation (a maximum of 2.5-fold) was less than that observed with unmodified high-saltwashed ribosomes. It is possible that some or all of the initiation factors are covalently joined to some of the ribosomes after Me2Sub treatment and, therefore, remain attached and functional even after high-salt washing. In this regard, preliminary studies show that crosslinking of ribosomes after a high-salt wash (see Fig. 3A ) enhances the stimulatory effect of initiation factors on AcPhe-tRNA binding.
To demonstrate that AcPhe-tRNA occupies the same functional site (the P or donor site) in both CLR and unmodified ribosomes, the sensitivity of the binding reaction to puromycin was tested. As expected (Table 2) , puromycin released about the same percentage of bound counts with both types of ribosomes.
Having established that CLR could apparently form an initiation complex with AcPhe-tRNA, I next examined the ability of these ribosomes to act in a polyphenylalanine synthesizing system. The results, presented in Table 3 , demonstrate that polyphenylalanine synthesis is effectively mediated by CLR. At the Mg2+ concentration used (5.5 mM), the synthetic reaction was absolutely dependent on the presence of AcPhe-tRNA. The data also show that treatment with Me2Sub for shorter times (2 or 4 hr) results in more active CLR preparations. Fortunately, crosslinking of the two ribosomal subunits is essentially complete after 4 hr, as judged by the fraction of CLR present after zone centrifugation at low Mg2+ concentrations (unpublished observations). The reason for the 20% reduction in polyphenylalanine synthesizing activity after 2-4 hr of treatment with Me2Sub is not known. Preliminary investigations indicate that CLR have a somewhat higher activation energy in this reaction than do unmodified ribosomes. The reaction mixture (see Table 1 (13 pmol) . After incubation for 30 min at 25', 3 ml of 5% C13CCOOH was added to stop the reaction. The precipitates were heated for 15 min in a boiling-water bath, brought to room temperature, and filtered onto glass-fiber filters (Reeve Angel, 984 H). The filters were dried in a 600 oven for 15 min and counted as described in Table 1 . 0.18 pmol of phenylalanine was incorporated into acid-precipitable material in the absence of poly(U).
Functional properties of CLR programmed by f2 RNA
From the results presented thus far, it might be expected that CLR would be highly active in functions mediated by a natural mRNA. This turned out not to be the case. It may be seen ( Table 4) valine into f2 coat protein (Table 5 ). This lack of incorporation ability does not appear to be due to inactivation of the individual ribosomal subunits; although there is a progressive inactivation of both subunits when crosslinked separately, they still retain about 90% of their starting activity after a 1-hr reaction with Me2Sub when mixed together in a cell-free extract directed by f2 mRNA, and are still active to some extent even after 8 hr of reaction (Table 5) . A similar decline in activity was also observed for polyphenylalanine synthesis ( A surprising result of this investigation is the observation that CLR can exist in at least two forms, a 60S and 70S CLR (Fig. 3) , and that these two forms are functional in poly(U)-mediated test systems. A 60S form of E. coli ribosomes has also been reported by several laboratories (17, 18) . It is perhaps significant that Schreier and Noll (17, 19) obtained 60S ribosomes only after high-salt washing of ribosomes; similar treatment is necessary to observe 60S CLR (compare Figs. 1  and 3 ). Schreier and Noll (19) , as well as others (20) , have described a number of pre-and post-translocational steps that are characterized by the interconversion of these two ribosomal forms. However, recent work on pressure-induced dissociation of eukaryotic (21) , as well as E. coli, ribosomes (2, 22) casts some doubt as to the actual existence of a 60S particle. The relationship, if any, between 60S CLR and the 60S ribosomes reported by others is under active investigation.
All of the properties of a ribosome necessary for protein synthesis would seem to be largely unaffected by crosslinking. Thus, CLR can bind AcPhe-tRNA at low Mg2+ concentrations in a reaction stimulated by initiation factors (Table 1) , the bound AcPhe is released by puromycin (Table 2) as expected if it were occupying the P site, and apparently normal elongation processes mediated by elongation factors EF-T and EF-G, and by peptidyl transferase, can occur (Table 3) .
Nevertheless, fMet-tRNAf binding directed by f2 RNA was greatly reduced with CLR (Table 4) , and no incorporation of valine into protein was observed (Table 5) . It is very unlikely that this inactivation was due to damage to the individual ribosomal subunits, since subunits crosslinked individually and mixed together retained up to 90% of their starting activity under conditions in which CLR are completely inactive (Table 5 ). In addition, 70S particles appear to be more resistant to inactivation by Me2Sub in polyphenylalanine synthesis as compared with the separated subunits (Table 3 and unpublished observations), suggesting that-as might be expected-the functional properties of ribosomes are protected by the association of subunits. These findings would appear to establish conclusively that 30S ribosomes are an obligatory intermediate in protein synthesis.
The apparent differences between fMet-tRNAf and AcPhetRNA as initiators deserves some comment. It has been observed that a stable initiation complex analogous to 30S subunit-mRNA-fMet-tRNAf cannot be isolated with AcPhetRNA as initiator (23, 24) . At low Mg2+ concentrations, AcPhe-tRNA binding to ribosomes, although dependent on initiation factors and GTP, is much less stable than that of fMet-tRNAf. On the basis of this observation, Rudland et al. (25) suggested that there is enough similarity in tertiary structure between fMet-tRNAf and AcPhe-tRNA to permit a weak complex between the phenylalanyl analogue and ribosomes that is stable enough to be retained on nitrocellulose filters.
It appears likely that fMet-tRNAf (complexed with f2 and GTP) binds to a ribosome at a locus that formally resembles the P site (26) , but which may be somewhat different than the P site that is active during peptide chain elongation (27) (28) (29) . The diminished binding capacity of CLR for fMet-tRNAf compared with AcPhe-tRNA suggest that these two RNAs occupy different, or at least distinct, regions on a ribosome.
Perhaps AcPhe-tRNA binds initially to the true translational P site, which remains intact in CLR.
Finally, the ability to rapidly fix ribosomes so they cannot dissociate into subunits, while they maintain many of their functional properties, should be of some value in studies on the ribosome cycle. The utility of bifunctional imidoesters in the study of ribosome topography has been discussed (12 
